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Introduction
There is sound rationale for screening for the presence of diabetic retinopathy (DR). Diabetic patients are 25 times more likely than the general population to become blind, with an estimated 40,000 Americans developing severe vision loss and irreversible blindness annually. 1, 2 DR will affect most diabetic patients at some stage during the course of their lifetime, leading to significant health care and disability costs. 3 If DR is detected and treated early enough, the risk of vision loss and blindness, as well as the complexity and cost of treatment, can be reduced significantly, utilizing well-established and widely available treatments. [4] [5] [6] [7] [8] [9] [10] The desirability of DR screening has led to well-established clinical recommendations by the American Diabetes Association, American Academy of Ophthalmology, and other professional societies and health care organizations. Despite these recommendations, only about half of diabetic patients in Medicaid (48.6%) or commercial health insurance plans (54.8%) received recommended DR screening examinations in 2006, and about two-thirds of Medicare patients (66.5%) received screening. 10 To increase rates of DR screening, a number of alternatives to direct examination by an ophthalmologist or optometrist have been proposed and tested utilizing various retinalimaging technologies. Standardized, stereoscopic 35-mm retinal photography through a dilated pupil, with image grading by a specially trained retinal grader, is a gold standard for retinal imaging and examination that has been established in several prospective clinical trials. [7] [8] [9] 11, 12 While highly useful for clinical trials, the high acquisition, interpretation, and storage costs of this technique have limited its application as a screening method.
Alternative screening techniques that use digital imaging by ophthalmic photographers and remote interpretation by trained graders (telemedicine) are being used as an alternative to in-person examinations or 35-mm slides. These successful programs have led some to consider even more streamlined protocols using digital image acquisition by trained, but nonspecialized, medical office staff with review by local ophthalmic or optometric staff. The purpose of the current study was to determine if a screening technique that incorporated these methods met expectations for DR disease detection accuracy in a likely target population.
Research Design and Methods

Study Design
The study had a prospective cohort design. Remote interpretations of digital fundus images acquired by clinic staff through both dilated and undilated pupils were compared with those from gold standard, photographeracquired, seven standard field stereo images using a modified early treatment diabetic retinopathy study (ETDRS) grading scale.
8,11
Study Population
Participants were outpatients from general medicine clinics at a Department of Veterans Affairs Medical Center diagnosed with type 2 diabetes mellitus for at least 5 years. Exclusion criteria were (1) any previous treatment for retinopathy (e.g., laser surgery) and (2) blind or nearly blind in either eye. A research assistant telephoned eligible patients and explained the study to them. Patients who agreed to participate were scheduled for an appointment to have their eyes photographed. Participants were mailed a copy of the informed consent document. 
Retinal Imaging
A digital camera vendor trained a clinic administrative assistant (less than half a day) on use of the equipment. All digital photos were taken using a nonmydriatic digital fundus camera (Canon CR6-45NM) plus a Medical Video Concepts Image Capture high-resolution (800 × 600) digital color camera system. Two photos of each eye without mydriasis were taken first: one 45° digital image nasal to disk and a second 45° digital image temporal to disk. The patients' eyes were then dilated with 1% Midriacyl (tropicamide). After a period of 20 minutes, two identical photos of each eye were again taken with the digital fundus camera. An experienced ophthalmic photographer then completed the seven standard field photographs using a 35-mm fundus camera.
Grading
The standard ETDRS grading system was used for the 35-mm images. A slightly modified grading system was used for the digital images, as these did not have standard photographs available and did not provide stereoscopic images. An experienced nonphysician grader (NPG), trained at the Fundus Photograph Reading Center, University of Wisconsin, examined both 35-mm and digital images. Two ophthalmologists, one of whom was a retinal subspecialist and the other a retinal fellow, also graded two random subsets of digital images. The digital assessments were made without results from the assessments using the 35-mm images, and vice versa. The nonmydriatic and mydriatic digital images for a given patient were sent to the graders at different time periods, with a minimum of 1 month lag in between, to mitigate possible confounding effects of reviewing sets of photographs of the same patient. The graders were blinded to each other's assessments, and no patient-identifying information was included with the photographs.
Statistical Analysis
Ungradable 35-mm images (as determined by the nonphysician grader) were excluded from the analysis. Using assessments based on 35-mm images as the gold standard, the diagnostic accuracy of the three graders' assessments was evaluated for both mydriatic and nonmydriatic digital images.
The primary outcome was per-patient diagnostic accuracy of the digital system in making dichotomous referral decisions. To allow comparison of our results with other published results, patient referral was defined in four ways based on the presence of (1) ETDRS level ≥35, (2) ETDRS level ≥53, (3) macular edema (including "questionable"), and (4) vision-threatening diabetic retinopathy (VTDR, defined as ETDRS level ≥53 and/or macular edema) in at least one eye. Secondary outcome was per-eye diagnostic accuracy of clinical retinopathy defined similarly. Each ungradable digital image was classified as positive (i.e., warranting a patient referral) in order to more closely approximate an actual screening system. As sensitivity analyses, analyses were repeated after excluding ungradable images.
For each of the per-patient and per-eye assessments, agreement between 35-mm and digital image assessments was measured using κ statistics. 13 In addition, using the 35-mm image assessment as the gold standard, sensitivity, specificity, and area under the receiver-operating characteristic (AUROC) curve were calculated along with the 95% confidence intervals.
Results
Demographics
Two hundred and forty-nine patients were enrolled into the study. After excluding those with an ungradable 35-mm image and those without at least one gradable digital image, data from 244 different patients and 485 eyes were included in the analyses. The primary grader, NPG, graded all three sets of 485 35-mm images and mydriatic and nonmydriatic digital images, while the two ophthalmologists graded different random subsets of mydriatic and nonmydriatic digital images. Mean age of the sample was 65.0 years (SD = 9.8, N = 228); 93% of the sample were 50 years or older. Ninety-eight percent (of 232) were male. Eighty-eight percent of the sample categorized themselves as "white," 8% as "black," and 4% as "other" (N = 229). The mean number of years since they were diagnosed with diabetes was 12.1 years (SD = 7.4, N = 229).
Patient Referrals Based on 35-mm Slides
The prevalence of patients requiring referral based on the NPG's assessment of 35-mm slides was 38.1% for ETDRS level ≥35 in at least one eye and 3.8% for ETDRS level ≥53 ( Table 1) . The prevalence of patients with VTDR was 5.0%.
Agreement between 35-mm and Digital Assessments: Patient Referrals
The percentage of patients assigned a rating of "cannot grade" to at least one of the digital images varied significantly among graders (with the NPG consistently assigning a rating of "cannot grade" to a higher proportion of patients) and varied somewhat across the diagnoses (i.e., retinopathy, macular edema, or VTDR) ( Table 1) . For all three graders, a much larger proportion of nonmydriatic images than mydriatic images were ungradable. For example, for digital image assessments made by the NPG, 10% of the mydriatic images were ungradable for retinopathy, whereas 30% of the nonmydriatic digital images were ungradable.
Both mydriatic and nonmydriatic digital assessments generally underestimated the prevalence of patients requiring referral for DR level ≥35 ( Table 1) . Referral rates for DR ≥53 and macular edema were overestimated, especially for nonmydriatic assessments. The large degree of overestimation for nonmydriatic assessments was primarily because of the substantial proportion of ungradable images, all of which were included as positive referrals. When the referral rate was analyzed after removing patients with ungradable digital images of one or both eyes from the analysis, the magnitude of overestimation decreased for both mydriatic and nonmydriatic assessments and resulted in a greater underestimation of the prevalence of patients requiring referral defined as DR ≥35 (results not shown).
As measured by the κ statistic, agreement between digital and 35-mm assessments tended to be no better than moderate, but it was worse for nonmydriatic images and when referral was defined at ≥53 than at ≥35 ( Table 1) . The low κ values for referral defined at ≥53, macular edema, and VTDR are partly because of a known paradox of κ as a measure of agreement when the statistic being compared (i.e., referral rate) is small in one of the two groups (35-mm slides in this case). 13 The diagnostic accuracy estimates of patient referral assessments were generally better than a coin toss ( Table 2 ), but no grader had an AUROC curve greater than 0.85. Specificity was generally higher than sensitivity regardless of the use of mydriatics. The contrast between specificity and sensitivity was larger for mydriatic than nonmydriatic image assessments. The analysis after deleting patients with ungradable digital images did not improve sensitivity, but increased specificity to close to 100% (results not shown).
Agreement between 35-mm and Digital Assessments: Per-Eye Analysis
For digital image assessments made by the NPG, 7% of the mydriatic images were ungradable for retinopathy, whereas 25% of the nonmydriatic digital images were ungradable ( Table 3) . For the two ophthalmologists who assessed subsets of the digital images, the percentage of ungradable images was similarly higher for nonmydriatic than for mydriatic images.
The prevalence of eyes with an ETDRS level ≥35 was about 30% (based on NPG's assessment of 35-mm slides), which mydriatic digital assessments by the NPG underestimated at 22% ( Table 3 ). The prevalence of eyes with an ETDRS level ≥53 was 3%, which mydriatic digital assessments by the NPG overestimated at 8%. In addition, mydriatic digital assessments overestimated the prevalence for macular edema and VTDR. The trend was similar for nonmydriatic assessments and assessments by the two ophthalmologists. As with the patient analysis, the reason for the overestimation of prevalence with ETDRS level ≥53, macular edema, and VTDR, especially for nonmydriatic images, is primarily because of the substantial number of ungradable digital images, which are included as positive for the diagnosis.
The agreement between 35-mm and digital image assessments was generally poor, but tended to be higher for mydriatic assessments than nonmydriatic assessments, regardless of the ETDRS cutoff (Table 3) . However, the overall diagnostic accuracy as measured by AUROC curves was similar between mydriatic and nonmydriatic assessments, but the areas were generally below 0.75 (Table 4) . Similar to per-patient analyses, specificity was higher than sensitivity for all three graders. Sensitivity was generally higher and specificity lower for nonmydriatic image assessments compared with mydriatic image assessments because a large proportion of the nonmydriatic images were ungradable and therefore considered positive. The overall agreement (κ) and accuracy (AUROC curve) results were similar when ungradable digital images were excluded from the analysis, but with decreased sensitivity and increased specificity (results not shown) for both mydriatic and nonmydriatic assessments.
Ungradable Digital Images
Of the ungradable digital images graded by NPG, the most common reasons given for ungradable images were haziness (67%) for 36 mydriatic digital images and shadow (74%) or haziness (19%) for 122 nonmydriatic digital images. Of patients with at least one ungradable eye, both eyes of a patient were ungradable in 58% by grader A (NPG), 47% by grader B, and 50% by grader C, showing high correlation between two eyes of a patient with respect to ungradable images across graders.
Intergrader Agreement
Intergrader agreement among the three graders measured with κ ranged between 0.35 and 0.62 for per-eye analysis and between 0.33 and 0.67 for per-patient analysis and was better for mydriatic assessments compared with nonmydriatic assessments (Table 5) . Although agreement among the three graders is only moderate at best, intergrader agreement for digital images was better than the agreement between assessments by 35-mm and digital images, both for patient referral (Tables 1 and 2 ) and for image grading (Tables 3 and 4) .
Conclusions
Incorporating digital retinal photography into a comprehensive primary care visit has the potential to improve patient compliance with preventative screening initiatives for DR. A number of reports have documented high levels of accuracy for such screening utilizing relatively sophisticated technical and grading methods, as well as a dedicated staff for image acquisition and interpretation. This success has sparked interest in less sophisticated screening programs. The primary purpose of this study was to determine the accuracy of retinopathy status assessments made under conditions that might commonly exist in such ad hoc programs, including (1) the acquisition of digital images by an inexperienced ret inal photographer using commonly available equipment with and without mydriasis and (2) image grading by a practicing ophthalmologist.
The British Diabetic Association has proposed a sensitivity of >80%, a specificity of >95%, and a technical failure rate of <5% as standards for effective screening criteria. 14 Most published studies of the accuracy of digital images, which use seven standard field 35-mm stereoscopic slides as reference criteria, meet (or come close to meeting) these standards, [15] [16] [17] [18] [19] [20] but our findings did not. One other study obtained similarly low sensitivity rates for macular edema. 21 These studies have also shown moderate (κ between 0.4 and 0.6) to substantial (κ between 0.6 and 0.8) agreement, whereas our study showed low agreement for both image grading and patient referral.
Multiple factors could account for our poorer results. One possible explanation is the absence of an adjudication system, which was used in at least two previous studies. 15, 16 The resolution of our camera (800 × 600) was similar to most other studies (except for Fransen et al., 15 who used 1152 × 1152 resolution), but others took more images (three to seven) per eye. 15, 16, 19, 21 In addition, as noted earlier, by design the photographer in our study (the clinic administrative assistant) was not an experienced retinal photographer. This is evident by the higher percentage of ungradable images observed compared with those in other studies, 16, 18, 20 and we did not find the proportion of ungradable images to decrease as the imager gained more experience. Some studies used experienced ophthalmic photographers 15, 18 or did not specify the type of training received by their photographers. 16, 17, 21 Training provided to our ophthalmologist graders was also limited. The digital graders in most studies are specially trained retinal graders. [15] [16] [17] 20 Interestingly, Newsom and colleagues, 21 who used an approach similar to ours with ophthalmologist graders, obtained low accuracy readings for macular edema that were comparable to our findings. 21 Although ETDRS criteria were used for both sets of images, the grading for digital images was slightly different to account for definitions inherent in the standard ETDRS 35-mm system that could not be applied directly to the digital images. The specific grading criteria used by other studies are, in general, unpublished.
Other studies also tended to differ from ours in the proportion of type 1 versus type 2 diabetic patients, patient age, duration of diabetes, and the prevalence of retinopathy. Our patients were all type 2 diabetic patients, with a 30% prevalence of mild or worse nonproliferative diabetic retinopathy (NPDR) (ETDRS ≥35) in eyes and about a 5% prevalence of patients with VTDR. The prevalence of our sample is similar to the pooled prevalence published using eight population-based eye surveys in the United States. 4 However, other published studies had a substantial proportion of type 1 diabetes 16 or a higher prevalence of patients with VTDR.
15,16
The mean age of patients in our study was 65, with 93% greater than or equal to 50 years of age. This contrasts sharply with other studies, which used younger patients. [15] [16] [17] Studies have shown that the screening failure rate increases with increasing patient age, 22 especially for nonmydriatic screening, which is consistent with the high rate of ungradable images in this study. Consistent with other studies, our study showed lower sensitivity than specificity across graders, suggesting a need to focus training on the reduction of false negatives. In addition, nonmydriatic assessments had a substantially greater percentage of ungradable images.
One review showed teleophthalmology to be an accurate and reliable test for detecting diabetic retinopathy and macular edema. 23 The review concluded that both seven and three field images yield acceptably high sensitivity and specificity values, and while a single field digital image performed as well as ophthalmoscopy in some cases, the sensitivity of single field digital imaging would likely be considered too low to function as an adoptable substitute for an ophthalmoscopic examination. Our study suggests that using two field imaging is insufficient particularly for nonmydriatic images.
In summary, a telemedicine system for detecting DR, employed in primary care physicians' offices where diabetic patients receive the majority of their care, has the potential to play a major role in improving the outcomes of diabetic patients with retinopathy. However, we found agreement between a trained grader's evaluation of retinopathy status using 35-mm slides and two ophthalmologists' evaluations using digital photos taken by an office assistant trained by the camera vendor to be only fair, and those between the same grader's evaluation using 35-mm slides and digital photos were similar. Nevertheless, the system's implementation in this study is likely to resemble actual implementation in primary care clinic settings. Findings from this study and other rigorous evaluations of the diagnostic accuracy of telemedicine technology need to guide the implementation and use of such systems, specifically for establishing policies and procedures governing such aspects as number of fields, training, grading criteria, and referral criteria.
